Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by core social impairments. ASD remains poorly understood because of the difficulty in studying disease biology directly in patients and the reliance on mouse models that lack clinically relevant, complex social cognition abilities. We use ethological observations in rhesus macaques to identify male monkeys with naturally occurring low sociality. These monkeys showed differences in specific neuropeptide and kinase signaling pathways compared to socially competent male monkeys. Using a discovery and replication design, we identified arginine vasopressin (AVP) in cerebrospinal fluid (CSF) as a key marker of group differences in monkey sociality; we replicated these findings in an independent monkey cohort. We also confirmed in an additional monkey cohort that AVP concentration in CSF is a stable traitlike measure. Next, we showed in a small pediatric cohort that CSF AVP concentrations were lower in male children with ASD compared to age-matched male children without ASD (but with other medical conditions). We demonstrated that CSF AVP concentration was sufficient to accurately distinguish ASD cases from medical controls. These data suggest that AVP and its signaling pathway warrant consideration in future research studies investigating new targets for diagnostics and drug development in ASD.
INTRODUCTION
Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by core social impairments (1) . Despite its prevalence (currently 1 in 68 U.S. children) and societal impact ($236 billion expended in the United States annually) (2, 3), ASD's pathophysiology remains poorly understood. Consequently, there are no laboratorybased diagnostic tests to detect ASD or approved medications that can effectively treat this disorder. Scientific progress has been hindered by the difficulty of studying disease biology directly in patients and by reliance on mouse models, which as a species lack many of the clinically relevant social cognition abilities most relevant to understanding ASD (4, 5) . These limitations underscore the value in developing an animal model of social impairments with more behavioral and biological homologies to the human disease.
Rhesus monkeys are an ideal model organism for advancing this objective. Like humans, rhesus monkeys are a highly social species capable of complex social cognition, and both species display stable and pronounced individual differences in social functioning (6) . Previous research has shown that monkeys with low sociality (low-social) initiate fewer affiliative interactions, spend less time in physical contact and grooming with conspecifics, and display more inappropriate social behaviors compared to monkeys with high sociality (high-social), suggesting lower social motivation and impaired social skills (5, 7, 8) . Because endophenotypic autistic traits are common and continuously distributed across the general human population (9, 10) , the naturally occurring variations in rhesus monkey social behavior make them a useful model of the complex environmental and polygenic risk factors contributing to idiopathic ASD in human patients (11) .
Studies of low-social monkeys stand to advance our understanding of the neurobiology of social deficits and allow us to hone hypothesisdriven questions that can be tested subsequently in valuable and volume-limited ASD patient samples. Here, we used a hypothesisgenerating and cost-effective extreme group approach (12) to test, on the basis of three selection criteria, whether low-social versus high-social male monkeys exhibited differences in biological signaling pathways previously implicated in mammalian prosocial functioning (13) (14) (15) , in idiopathic ASD (16) (17) (18) (19) (20) , and in neurogenetic syndromes with high penetrance for ASD (21) (22) (23) . These signaling molecules and pathways included arginine vasopressin (AVP), oxytocin (OXT), RAS-MAPK (mitogen-activated protein kinase), and PI3K (phosphatidylinositol 3-kinase)-AKT. We then tested the translational utility of our preclinical finding in a small patient cohort comprised of children with and without ASD.
RESULTS

Low-and high-social monkeys are identified and biological measurements differentiate these groups
Using legacy behavioral data, we identified n = 42 male rhesus monkeys (selected from a pool of n = 222 male monkeys) that were expected to show extremes in social functioning (see Materials and Methods). We then performed ethological observations on these individuals in their familiar social groups using focal-animal sampling methods and identified a subset of n = 15 low-social and n = 15 high-social monkeys based on their social interactions with others in their troop. To test the validity of classifying animals from ethological data, personality trait ratings were also collected, and a sociability score was calculated (24) . As expected, sociability scores statistically predicted the ethological classification of animals into low-and high-social groups [likelihood ratio (LR)  2 = 19.94; P < 0.0001].
Having validated the social groups, we then tested whether low-social versus high-social monkeys exhibited differences in a number of signaling molecules and pathways. We measured cerebrospinal fluid (CSF) concentrations of AVP and OXT; blood plasma con centra tions of AVP and OXT; gene expression of oxytocin receptor (OXTR) and arginine vasopressin receptor V1a (AVPR V1a ) in peripheral blood mononuclear cells (PBMCs); and the ratios of phosphorylated/total extracellular signal-regulated kinase (ERK), phosphatase and tensin homolog (PTEN), and AKT (components of the RAS-MAPK and PI3K-AKT signaling pathways) in PBMCs. Because false discovery is always a concern in these types of biological studies (25, 26) , we adopted a statistical winnowing strategy, whereby at each stage of analysis, we excluded nonpredictive and collinear biological measures from further consideration (27) .
We first tested whether our biological data set, considered as a whole, could accurately distinguish low-social from high-social monkeys. Discriminant analysis yielded a 93% correct classification of monkeys into social groups (LR  2 = 26.36; P < 0.0001; fig. S1 and table S1). We then used logistic regression to identify which biological measures were significantly predictive. Including all of the biological measures yielded an overspecified model, which is prone to false discovery (28) . In the process of identifying a robust model, we excluded blood concentrations of AVP and OXT, OXTR gene expression in blood, the phosphorylated ERK/total ERK ratio in blood (all of which were nonpredictive), and AVPR V1a gene expression in blood (which was collinear with other variables in the model). Thus, the stable logistic regression model included CSF con centrations of AVP and OXT as well as the ratios of phosphorylated PTEN/total PTEN and phosphorylated AKT/total AKT ( Fig. 1 and table S2 .) These four biological measures when combined predicted social group classification (LR  2 = 18.49; P = 0.0009; Fig. 1A) . Analysis of the significance of each biological measure in this model revealed that CSF AVP concentration (LR  2 = 16.55; P < 0.0001; Fig. 1B ) and the ratios of phosphorylated PTEN/total PTEN (LR  2 = 6.792; P = 0.0092; Fig. 1C ) and phosphorylated AKT/total AKT (LR  2 = 4.064; P = 0.0438; Fig. 1D ) in blood predicted social group classification, whereas CSF OXT con centration did not (LR  2 = 1.913; P = 0.1666; Fig. 1E ).
CSF AVP concentration differs between low-and high-social monkeys and is positively associated with time spent in social grooming
We then tested using a general linear model whether social group predicted differences in the three remaining significant biological measures independently (Fig. 2 and table S3 ). CSF AVP concentrations were significantly lower in low-social versus high-social monkeys (F 1,18 = 9.236; P = 0.0071; Fig. 2A ), whereas the ratios of phosphorylated PTEN/total PTEN (F 1,17 = 1.089; P = 0.3113; Fig. 2B ) and phosphorylated AKT/total AKT (F 1,17 = 0.1966; P = 0.6631; Fig. 2C ) in blood did not differ between groups. Thus, only CSF AVP concentration survived the full winnowing strategy. For an initial validation of this result, we then tested whether CSF AVP concentration could predict a continuously distributed and important measure of social competence in nonhuman primates, social grooming. We confirmed that CSF AVP concentration positively predicted time spent engaged in this social activity (F 1,18 = 7.2914; P = 0.0146; partial r = +.54; Fig. 3A and table S4).
CSF AVP concentration is a stable trait-like measure
To test whether similar concentrations of CSF vasopressin were evident within an individual across multiple samplings, we evaluated banked CSF samples from a separate cohort of n = 10 adult male monkeys (see Materials and Methods). CSF samples were collected on four different occasions across a 4-month period, with each collection separated by an average of 40 days (intercollection interval range, 27 to 57 days). As expected, CSF AVP concentration showed stability within individuals across multiple time points (test-retest reliability intraclass correlation coefficient = 0.78; Fig. 3B and table S7). This intraclass correlation coefficient was significant (F 9,25 = 12.88; P < 0.0001) and was considered a large effect size (29) .
The specificity and validity of the statistical winnowing strategy is confirmed We performed several post hoc quality control checks using general linear models. First, we tested for group differences in each of the original nine biological measures. Second, because blood involves less invasive collection procedures than CSF, we performed a separate analysis to test whether blood AVP concentration predicted CSF AVP concentration. Consistent with the rationale behind our statistical winnowing strategy, we observed no group differences in any biological measures except CSF AVP concentration (table S5) . Blood AVP concentration was also unrelated to CSF AVP concentration (F 1,18 = 0.001; P = 0.9963). These quality control checks thus further supported our rationale for selecting CSF AVP concentration as the focus of all subsequent analyses.
CSF AVP concentration is associated with group differences in monkey sociality in a replication cohort Having established that CSF AVP concentration statistically predicted social group classification in the discovery cohort and that our statistical winnowing strategy did not produce a false-negative result, we sought to replicate this CSF AVP finding in an independent monkey replication cohort. We observed n = 164 male monkeys and completed social behavior observations using a higher-throughput scan sampling-based method to identify a new cohort of n = 15 lowsocial and n = 15 high-social monkeys for CSF sample collection (see Materials and Methods). As before, CSF AVP concentration classified monkeys by social group (LR  2 = 7.969; P < 0.0048; CSF AVP concentrations are lower in children with ASD compared to children without ASD To test the translational utility of our monkey model, we quantified AVP concentrations in CSF samples that had been previously collected as part of routine medical care from n = 14 male children [n = 7 children with ASD; n = 7 age-matched children who did not have ASD but who did have unrelated medical conditions (medical controls)].
Participant demographic and medical characteristics are provided in Table 1 . Using logistic regression, we found that CSF AVP concentration was sufficient to distinguish ASD cases from controls, whereby individuals with lower CSF AVP concentrations were more likely to have been previously diagnosed with ASD (LR  2 = 9.233; P = 0.0024; Fig. 5A ). Like low-social monkeys, ASD patients showed significantly lower CSF AVP concentrations compared to medical control children (F 1,10 = 11.02; P = 0.0078; Fig. 5B ). Because one pair of subjects (that is, an ASD patient and his matched control) was older than the other pairs of subjects in the analysis (see Table 1 ), we reran all analyses excluding this pair, and the results remained significant (Fig. 5 and table S8 ). . CSF AVP concentration is plotted against the probability of being low-social; the resulting regression line is corrected for the other variables in the analysis. Low-social monkeys (blue circles) plotted above, and high-social monkeys (orange circles) plotted beneath, the dashed line (which represents 50% probability) are correctly classified. (B) A general linear model F test was used to test whether CSF AVP concentration was lower in low-social (blue bars) compared to high-social (orange bars) monkey groups in this replication cohort. Data are presented as least-squares means ± SEM. 
DISCUSSION
This study demonstrated in a nonhuman primate model of naturally occurring low sociality that there were differences between low-and high-social monkeys regarding several signaling pathways previously implicated in idiopathic and syndromic ASD (16, 23) . Further analysis revealed that CSF AVP concentration was a key marker of group differences in monkey sociality. We confirmed this finding in an independent validation cohort of male rhesus monkeys using different, higher-throughput behavioral methods. We also verified in a separate monkey cohort that CSF AVP concentration is a stable traitlike measure. As our monkey study investigated the biology of lowsocial functioning, a nonpathological entity, we next sought to translate these preclinical findings to a small pediatric cohort composed of seven age-matched male ASD patients and seven male medical controls. We found that CSF AVP concentrations were lower in children with ASD compared to medical control children, and that CSF AVP concentration differentiated individual ASD cases and controls accurately. These findings demonstrate the value of developing a primate model of social impairments for investigating the pathophysiology of ASD.
Although the patient CSF AVP concentration data are very preliminary, they are of interest because there are currently no laboratorybased diagnostic tests for detecting ASD. The lack of ASD diagnostic markers may be due to the fact that most ASD biological investigations have been largely restricted to peripheral tissues such as blood. Blood requires less invasive collection procedures, and although it may be related to measurements in brain tissue under some circumstances (20, 30, 31) , it is also less representative of brain biochemistry than is CSF. Here, we observed no relationship between blood and CSF measurements of AVP concentration, and in a previous study, we observed no differences in blood AVP concentrations between children with and without ASD (20) . Other brain disorders, such as dementia and multiple sclerosis, have benefited from CSF biomarker discovery efforts (32, 33) . For example, one dementia study showed that antemortem CSF  protein and  amyloid concentrations predicted neuropathological features (that is, amyloid load and neurofibrillary tangles) of Alzheimer's disease in postmortem brain tissue (34) . In our monkey model, although kinase measurements did not differ by social group, kinase signaling in PBMCs, particularly in the PI3K-AKT pathway, improved the accuracy of CSF AVP to correctly classify low-social and high-social monkeys. This suggests that diagnostic marker discovery efforts for ASD should continue using both CSF and blood samples. We currently have limited capacity to improve social outcomes in ASD patients, in part, because no robust "druggable" targets have been identified. However, there is long-standing evidence from multiple rodent species that AVP enhances, whereas selective AVPR V1a antagonists impair, social functioning (35) (36) (37) . These pharmacological effects are particularly evident in male rodents, and given ASD's male-biased prevalence in human patients (4:1 male/female ratio) (2), it has been previously hypothesized that brain AVP signaling deficits may be relevant to understanding ASD pathophysiology (15, 20, 38) . Findings from our current study lend additional support to the notion that boosting brain AVP signaling could be a therapeutic strategy for ameliorating social impairments in ASD patients. Whether AVP administration could enhance social abilities in people with ASD has not yet been tested. However, intranasally administered AVP results in elevated CSF concentrations of AVP in healthy people, suggesting that AVP is able to access the brain via this delivery route (39) . Because ASD is etiologically and phenotypically heterogeneous, CSF AVP concentrations could be measured before treatment to enable identification of ASD patients most likely to benefit from AVP pharmacotherapy.
There are several limitations to our study. First, our monkey and human cohorts were restricted to males because of ASD's malebiased prevalence. Studies inclusive of females are now needed for both species. Second, we used an extreme group approach in our monkey studies. This design was selected because it is well suited for conducting hypothesis-generating research, increasing the power to detect an effect in a limited sample size, and improving cost efficiency (12) . Nevertheless, this design is not without shortcomings; research is now required to test whether CSF AVP concentrations permit identification of low-social monkeys among conspecifics dis tributed across the social continuum. Third, the human sample was one of convenience, comprising children with and without ASD undergoing clinically indicated CSF collection. Although our control children did not have ASD, some of them had serious medical conditions (Table 1) . This was inevitable given the challenges and ethical considerations involved in obtaining CSF samples from healthy children to serve as controls. Although it is possible that our CSF findings in ASD patients were somehow driven by medications or disease states not relevant to ASD, our monkey studies were conducted in medication and disease-free animals, and two independent monkey cohorts yielded similar findings to those obtained in the ASD patient cohort. Nevertheless, extension of these CSF AVP findings to adults with ASD would ethically permit recruitment of a healthy adult com parison group for CSF collection. Additionally, assessment of adults with ASD would allow us to test whether the CSF AVP finding persists into adulthood. Finally, owing to the very small size of our ASD sample, we consider our human findings to be preliminary and in need of replication in a much larger, wellphenotyped cohort. Especially important is the need to test whether low CSF AVP concentration is specific to ASD (versus other neurodevelopmental disorders) and whether CSF AVP concentration predicts ASD symptom severity.
In conclusion, we developed a rhesus monkey model of naturally occurring social impairments to identify markers of primate social functioning using a discovery and replication cohort design. This approach identified CSF AVP concentration as a key marker of group differences in male monkey sociality and as a stable trait-like measure. We next translated these findings to a small cohort of ASD patients and found that CSF AVP concentration was lower in male children with ASD versus male medical control children without ASD and that CSF AVP concentration was sufficient to accurately distinguish ASD cases from controls. Collectively, these data suggest that a low CSF AVP concentration may be an important marker of low sociality in rhesus monkeys and that the AVP signaling pathway warrants consideration in future research endeavors that seek to develop new diagnostic tools and treatments for ASD.
MATERIALS AND METHODS
Study design
The goal of this research was to identify biological markers of sociality in low-and high-social rhesus monkeys. This research used a discovery and replication cohort design in monkeys, with subsequent translation to a small cohort of seven ASD patients and seven medical control children without ASD (but with other medical conditions). Experimenters were blinded to monkey (that is, low-social versus high-social) and patient (that is, ASD versus control) groups during behavioral observations in monkeys and biological quantification [e.g., enzyme immunoassay, quantitative polymerase chain reaction (qPCR), and Western blot procedures] in both species.
Monkey subjects
Subjects and study site Subjects studied in the discovery and replication cohorts (that is, monkey cohorts 1 and 2, respectively) were n = 206 male rhesus monkeys (Macaca mulatta), ranging in age from 1 to 5 years. CSF samples previously collected and banked from an additional cohort of n = 10 male rhesus monkeys (that is, monkey cohort 3), 5 to 7 years of age, were also used in this research. All monkeys were born and reared at the California National Primate Research Center (CNPRC). Subjects lived in outdoor, half-acre . CSF AVP concentration is plotted against the probability of being diagnosed with ASD; the resulting regression line is corrected for the other variables in the analysis. Children with ASD (blue circles) plotted above, and medical control children (orange circles) plotted beneath, the dashed line (which represents 50% probability) are correctly classified. (B) A general linear model F test was used to test whether children with and without ASD differed in CSF AVP concentrations. Similar to low-social monkeys studied in our preclinical model (that is, as shown in Figs. 2A and 4B ), CSF AVP concentration was found to be lower in children with ASD (blue bars) compared to medical control children without ASD (orange bars). Data are presented as least-squares means ± SEM.
corral contained up to 221 animals of all ages and both sexes. Subjects were tattooed as infants and dye-marked before behavioral observation for this study to facilitate easy identification. Monkeys had ad libitum access to Lixit-dispensed water, primate laboratory chow was provided twice daily, and fruit and vegetable supplements were provided twice weekly. Various toys, swinging perches, and other enrichments in each cage, along with outdoor and social housing, provided a stimulating environment. All procedures were approved by the relevant Institutional Animal Care and Use Committees and complied with National Institutes of Health policies on the care and use of animals. Subject selection and behavioral data collection for monkey cohort 1 Subjects participated as infants in the colony-wide BioBehavioral Assessment (BBA) Program at CNPRC. The BBA comprises a set of highly standardized behavioral and physiological assessments focused on quantifying naturally occurring variation in temperament, behavioral responses, and pituitary-adrenal regulation as described elsewhere (40, 41) . BBA-enrolled monkeys are each tested between 3 and 4 months of age. To select subjects for cohort 1, we developed an algorithm using an existing behavior data set previously collected from n = 80 adult male monkeys that were BBA "graduates." We created a factor scale ( = 0.89) and identified animals with z scores of ≤−1.0 (low-social) or ≥+1.0 (high-social). Logistic regression revealed that BBA measures produced 88.9% classification. We applied this statistical model to a new set of BBA graduates (n = 222) and selected n = 42 of these monkeys for study in cohort 1.
Subjects were observed unobtrusively in their home field corrals. Interobserver reliabilities of >85% agreement were established on behavioral categories and age and sex classes of interaction partners before commencing experimental data collection. Each animal was then observed for two 10-min focal samples per day (08:00 to 10:30 and 10:30 to 13:00) for 8 days over a 2-week period (called a biweek). A maximum of eight subjects, residing in one or two corrals, were observed per biweek. Behavior was recorded at 30-s intervals using instantaneous sampling and time-ruled check sheets. Five social behaviors were recorded: nonsocial (subject is not within an arm's reach of any other animal and is not engaged in play), proximity (subject is within arm's reach of another animal), contact (subject is touching another animal in a nonaggressive manner), groom (subject is engaged in a dyadic interaction with one animal inspecting the fur of the other animal using its hands or mouth), and play [subject is involved in chasing, wrestling, slapping, shoving, grabbing, or biting accompanied by a play face (wide eyes and open mouth without bared teeth) or a loose, exaggerated posture and gait; the behavior must be deemed nonaggressive to be scored]. Only nonaggressive proximities and contacts were included for those two behaviors. Aggression was not analyzed here because data from a separate CNPRC cohort of n = 78 comparably aged male monkeys had shown that animals of this age engage in aggression rarely (on average 0.29 aggressive events per hour) (42) , suggesting that aggression would have minimal impact on our data. The identities and age and sex classes of all social partners were recorded. At the end of a biweek, subjects were rated on 29 behavioral traits using a standardized instrument, with each trait evaluated on a seven-point scale (24) .
After completion of behavioral data collection, subjects were rankordered on their total frequency of nonsocial behavior (summarized across the 320 focal behavior samples collected per subject). The n = 15 monkeys with the greatest frequency of nonsocial behavior were classified as low-social, and the n = 15 monkeys with the lowest frequency of nonsocial behavior (and therefore the highest frequency of all prosocial behaviors) were classified as high-social. CSF and blood samples were subsequently collected from these n = 30 subjects (see below). Subject selection and behavioral data collection for monkey cohort 2 Data from cohort 1 demonstrated that the final social classification of the monkey subjects was essential. Thus, for the validation cohort, we adopted more high-throughput behavioral methods, drawing our sample from all available male subjects that were born into, and were living in, the field corrals. Instead of focal sampling, we adopted a scan sampling approach, allowing us to score multiple animals in the same group at the same time. Scan sampling, like the instantaneous sampling used for cohort 1, is a procedure that estimates durations of behavior (scan sampling is for groups, instantaneous sampling is for individuals) (43) . Thus, the same five core behaviors were estimated in both cohorts using an appropriate sampling technique to estimate behavioral durations. Before commencing experimental data collection, interobserver reliabilities of >85% agreement were again established on behavioral categories, subject identities, and age and sex classes.
Subjects were observed unobtrusively in their home field corrals. Each observer conducted scan samples for a given corral during two observation periods per day (09:00 to 12:00 and 13:00 to 16:00). In each observation period, scan sampling was conducted at 20-min intervals, at a rate of 18 scans per day, for a total of 5 days per corral. Thus, about n = 90 scans were performed per corral. During each scan, the subjects in each corral were identified, and observers then recorded the occurrence of the following behaviors: nonsocial, proximity, contact, groom, and play as defined above. We also recorded proximity and contact for aggressive episodes to confirm the aforementioned findings generated by an independent CNPRC research team that aggression in this age class was minimal (42) . Consistent with these previous findings, we observed no aggressive bouts by our subjects during data collection for this cohort. After completion of data collection, monkeys were rank-ordered on their total frequency of nonsocial behavior (summarized across the 90 scan samples). The n = 15 monkeys with the greatest frequency of nonsocial behavior were classified as low-social, and the n = 15 monkeys with the lowest frequency of nonsocial behavior (and therefore the highest frequency of prosocial behavior) were classified as high-social. To further improve biological precision for cohort 2, we collected two CSF samples from each subject and averaged the CSF AVP concentrations. Averaging the CSF AVP concentration also avoids collinearity between the two samples when statistically predicting social classification (see Statistical analyses below). Subject selection for monkey cohort 3 Consistent with the 3R's (replacement, reduction, and refinement) principle that guides ethical animal research practice (44), we used CSF samples that had been previously collected and banked from a separate cohort of n = 10 adult male monkeys (45) to evaluate whether CSF AVP concentration was a stable trait-like measure. Monkey cohort 3's CSF samples were obtained on four different occasions across a 4-month period. CSF samples were collected and stored using standard CNPRC operating protocols (see below). Sample collection and processing procedures Samples were collected in the morning for all subjects (between 09:00 and 11:00 for cohorts 1 and 2; between 08:00 and 10:00 for cohort 3) to minimize any potential circadian effects on biological measurements. Each subject in cohorts 1 and 2 was captured from his home corral (or from his cage, because subjects in cohort 3 had been moved indoors), rapidly immobilized with Telazol (5 to 8 mg/kg), and moved to an indoor procedure room. Supplementary ketamine (5 to 8 mg/kg) was used as needed to facilitate complete immobilization. Collection of both CSF and blood samples was accomplished within 15 min of initial cage entry; only one monkey per day was sampled from the same corral. The latency from cage entry to subject capture (to control for possible variation in stress effects on the biological measures) and collection time (to account for possible circadian effects on the biological measures) were recorded and used as statistical covariates.
Immediately after capture, CSF (2 ml) was drawn from the cisterna magna using standard sterile procedure. CSF samples were immediately aliquoted into 1.5-ml siliconized polypropylene tubes and flash-frozen on dry ice. Next, whole-blood samples (up to 25 ml) were drawn from the femoral vein and collected into (i) EDTA-treated Vacutainer tubes and either placed on wet ice (for neuropeptide quantification) or left at room temperature (for kinase quantification) and (ii) PAXgene tubes and left at room temperature for 2 hours or longer (for neuropeptide receptor gene expression). Whole-blood samples for neuropeptide quantification were promptly centrifuged (1600g at 4°C for 15 min), the plasma fraction aliquoted into 1.5-ml polypropylene tubes and flash-frozen on dry ice. Whole-blood samples for kinase signaling quantification were spun over a Ficoll-hypaque gradient, and mononuclear cells collected from the interface were washed in phosphate-buffered saline twice, pelleted, and solubilized [in 50 mM tris (pH 7.4), 10 mM EGTA, 0.5% NP-40, and protease and phosphatase inhibitor cocktails]. This mixed fraction was then centrifuged at 15,000 rpm for 30 min at 4°C. The soluble fraction was removed and kept frozen at −80°C until further processing. PAXgene tubes were subsequently transferred to −20°C for 24 hours and then transferred to −80°C as per manufacturer's guidelines. All samples were stored at −80°C until quantification. After sample collection, each subject was administered replacement fluids and ketoprofen as needed. Subjects were placed in a standard laboratory cage located in a hospital/transition room for recovery overnight and then returned to their home corrals the next day. Neuropeptide quantification CSF and blood OXT and AVP concentrations were quantified at Stanford University using commercially available enzyme immunoassay kits (Enzo Life Sciences) (20, 30, 31, (46) (47) (48) (49) . These kits have been validated for use in rhesus monkeys, are highly specific, and exclusively recognize OXT and AVP, respectively, and not related peptides (that is, the OXT cross-reactivity with AVP is 0.6% and the minimum assay sensitivity is 11.7 pg/ml; and the AVP cross-reactivity with OXT is <0.001% and the minimum assay sensitivity is 3.39 pg/ml). A trained technician blinded to experimental conditions performed sample preparation and OXT and AVP quantification following established procedures recommended by the technical division of the assay manufacturer. Specifically, the CSF samples were directly assayed (without previous extraction) for OXT and AVP. The plasma samples were extracted for each hormone before assay to preclude known matrix interference effects of large blood-borne proteins in the accurate quantification of the neuropeptides (50), using the following methods.
Plasma samples for use in OXT assays were extracted as follows: Plasma samples (1000 l per animal) were thawed in an ice bath, acidified with 0.1% trifluoroacetic acid (TFA), and centrifuged (17,000g at 4°C for 15 min). Phenomenex Strata-X columns (Phenomenex Inc.) were activated with 4 ml of high-performance liquid chromatography grade methanol followed by 4 ml of molecular biology grade water. Sample supernatants were applied, drawn through columns by vacuum after column activation, and eluted by sequentially applying 4 ml of wash buffer (89:10:1 water/acetonitrile/TFA) and 4 ml of elution buffer (20:80 water/acetonitrile).
Plasma samples for use in AVP assays were extracted as follows: Equal volumes of 40:60 butanol/diisopropyl ether were added to plasma samples (1000 l per animal) before centrifugation at 8000g for 5 min at room temperature. The top organic layer was discarded, and the aqueous solution was transferred to a new microcentrifuge tube. A 2:1 volume of ice-cold acetone was then added to all samples before centrifugation at 12,000g for 20 min at 4°C. The supernatant was then transferred to 15-ml Falcon tubes, and a volume of 5:1 ice-cold petroleum ether was added. Samples were briefly vortexed and centrifuged at 3350g for 10 min at 1°C, and the top ether layer was discarded.
Plasma samples for each neuropeptide assay were then evaporated at room temperature using compressed nitrogen. Each evaporated plasma sample was reconstituted in 250 l of assay buffer before OXT and AVP quantification to provide sufficient sample volume to run each sample in duplicate wells (100 l per well). Given the sensitivity limitations of the commercial assays, plasma extraction ensured that the plated samples contained high enough quantities of OXT or AVP to be read above the limit of detection. The program used to calculate picogram per milliliter concentrations of OXT or AVP allows for extrapolation based on the sample concentration factor. That is, the program extrapolates the final OXT or AVP concentrations by dividing the results by the fold difference in original sample volume. This method increases the concentration of OXT or AVP in each well and ensures that each sample falls within the linear portion of the standard curve, above the assay's limit of detection, when it is initially read. All CSF and plasma samples were assayed in duplicate (100 l per well) with a tunable microplate reader for 96-well format as per manufacturer's instructions. Neuropeptide receptor quantification Measurement of OXTR and AVPR V1a gene expression was conducted at Stanford University using protocols developed for rhesus monkeys. Total RNA was isolated and purified using a PAXgene blood RNA kit from blood stabilized in PAXgene RNA tubes (Qiagen). The first strand complementary DNA (cDNA) synthesis reaction was carried out with iScript Reverse Transcription Supermix (Bio-Rad) with a starting RNA quantity of 1 g in a 20-l final volume. qPCR was performed to determine OXTR and AVPR V1a gene expression using RT 2 qPCR Primer Assays for Rhesus Macaque OXTR and AVPR V1a (Qiagen), and endogenous control [glyceraldehyde-3-phosphate dehydrogenase (GAPDH), Life Technologies] was used for normalization. qPCR was performed on the StepOnePlus Real-Time PCR System (Life Technologies) with SYBR Green (Qiagen). cDNA was PCR-amplified in triplicate, and cycle threshold (Ct) values from each sample were obtained using StepOnePlus software. Analyses were conducted using the comparative Ct method (2 −Ct ) (51) . Kinase signaling quantification Blood kinase activation was determined at University of California, San Francisco (UCSF) using previously published protocols (16) , which were optimized for use in rhesus monkeys. Denatured protein (20 g per lane) from the previously generated soluble cytoplasmic fraction was electrophoresed through an 8 to 12% polyacrylamide gradient gel for 2 hours at 100 V at room temperature. The gel was electroblotted onto a polyvinylidene difluoride membrane for 1 hour at 50 V at 4°C. After blocking, the blot was incubated with primary antibody [Ras, MAPK kinase 1/2 (MEK1/2), phospho-MEK1/2, Erk1/2, phospho-Erk1/2, Pan AKT and phospho-AKT, PTEN and phospho-PTEN, and GAPDH; Cell Signaling] overnight at 4°C, washed, and followed by fluorescent secondary antibody (anti-rabbit immunoglobulin G, Cell Signaling) incubation for 1 hour at room temperature. The blots were visualized, and bands were quantified using the LiCoR Odyssey Imager.
Statistical analyses
Data were analyzed using JMP Pro 13 (SAS Institute Inc.). We began our analysis of monkey cohort 1 using a set of multidimensional biological measures. Our overall goal was to identify the biological measures most strongly associated with group differences in monkey sociality. As discussed above, because false discovery is a risk in this type of biological study, we adopted a statistical winnowing strategy, whereby at each stage of analysis, we excluded nonpredictive or collinear biological measures from further consideration, via a series of increasingly demanding analyses. Significance for all statistical tests described below was determined to be P < 0.05.
We first used quadratic (unequal covariance) discriminant analysis to test whether the biological measures considered as a whole could predict monkey social group classification. This technique is a form of directed machine learning that seeks to classify monkeys by social group as a linear combination of the predictors (that is, the biological measures). Discriminant analysis answers the general question "Can the biological measures predict social group?" but is agnostic as to which biological measures are drivers, and which may be mediators or moderators, of the social group classification algorithm. CSF and blood concentrations of AVP and OXT, blood AVPR V1a and OXTR gene expression, and ratios of phosphorylated ERK/total ERK, phosphorylated PTEN/total PTEN, and phosphorylated AKT/ total AKT in blood were all included as predictors. The resulting confusion matrix (the table of actual versus predicted social group) was then tested as a logistic regression to yield the LR (and associated P value) that the overall algorithm could predict social group given the biological measures. Two animals were excluded because of missing kinase data (that is, n = 28).
To test which biological measures were predictive, we next moved to a logistic regression model. The model containing the full biological measurement panel showed overspecification and quasi-complete separation, indicating collinearity between predictors, and an artifactually overprecise classification prone to false-positive results (28) . Through a process of elimination of collinear variables, we identified a final stable model that maximized the number of biological measures included (that is, CSF AVP, CSF OXT, phosphorylated PTEN/ total PTEN, and phosphorylated AKT/total AKT) and biologically relevant control variables (or "stratifiers") (for example, field corral and Western blot). Two animals were excluded because of missing kinase data, and as a result, a third animal had to be excluded so that each field corral yielded at least one animal in each social group (that is, n = 27).
We next tested whether any of the three key biological measures identified in the logistic regression showed group differences. For CSF AVP concentration, we used a general linear model where field corral, capture latency, and sample collection time were included as blocking factors, and social group was the predictor of interest. There was no need to control for assay run because all animals' samples were run on a single plate. Thirty monkeys yielded AVP data suitable for analysis. For the PTEN and AKT phosphorylation ratios, we used a general linear model, again controlling for field corral, as well as Western blot (to control for between-assay variance) and tested for the effect of social group. Twenty-eight monkeys yielded kinase data suitable for analysis. To test whether CSF AVP concentration predicted time spent in social grooming (a measure recorded during behavioral data collection), we used the same general linear model and blocking factors as described above, with CSF AVP concentration included in the model as the predictor of interest (n = 30). Time spent in social grooming was square root-transformed to meet the assumptions of general linear models (normality of error and linearity and homogeneity of variance). Finally, to confirm the specificity and validity of the statistical winnowing strategy, we tested for group differences in each of the biological measures. We used the same general linear models with the same blocking factors as detailed above for this cohort.
For the replication cohort (that is, monkey cohort 2), we focused on CSF AVP concentration because this was the only biological measure that showed group differences in cohort 1. Thus, we used logistic regression to test whether CSF AVP concentration could predict social group, controlling for capture latency and sample collection time, as well as behavioral observer. We also tested whether social group conversely predicted CSF AVP concentration using a general linear model that similarly controlled for capture latency, sample collection time, and behavioral observer. We used the same analyses as described above. All n = 30 monkeys yielded biological data suitable for analysis. Average values were used for the two sampling time points for CSF AVP concentration, capture latency, and sample collection time for all cohort 2 analyses. As before, appropriate quality-control checks were performed for each analysis.
For monkey cohort 3, we first examined the repeated CSF AVP sample data as a test-retest reliability estimate, for which we used a mixed model intraclass correlation coefficient. Following McGraw and Wong (52), we calculated a case 3A intraclass correlation coefficient (C,1) (that is, an intraclass correlation coefficient of consistency estimated from a Restricted Maximum Likelihood Mixed Model, in which monkey is the subject, and time point is treated as a fixedeffect repeated observation), equivalent to the mean of all possible correlation coefficients between time points. To assess the significance of this result, we also performed a repeated-measures general linear model and tested the significance of the random effect representing the subject. This analysis tested whether monkeys differed significantly from each other in a consistent manner from time point to time point. All n = 10 monkeys yielded biological data suitable for analysis, with n = 8 monkeys yielding data for four time points, and n = 2 monkeys yielding data for three time points.
Human participants Participants and recruitment
This multisite research study and its associated consent and assent forms were reviewed and approved by the relevant institutional review boards (that is, Stanford University, Sutter Health, and UCSF) before study initiation. Participants were n = 14 male children (n = 7 boys with ASD and n = 7 medical control boys) who were undergoing clinically indicated lumbar punctures and were recruited to participate in this research study. Participants were between 5 and 19 years old.
Participants were recruited from Stanford Hospital and Clinics, the Lucile Packard Children's Hospital, UCSF Benioff Children's Hospital, and Sutter Medical Foundation. Clinical indications for CSF collection for the study participants included rule-out diagnoses (for example, clinical assessment to eliminate from consideration the possible presence of a condition or disease) and blood/tissue diseases such as leukemia that required CSF access in diagnosis or treatment. CSF aliquots for this study were either provided as an additional amount to the volume acquired for clinical purposes or reserved at the time of clinical procedure in lieu of disposal. Patients scheduled for these clinical procedures were identified by health care providers as potential study participants. All patients were research-consented before the sample collection (that is, in addition to the medical consent obtained by health care providers for the standard-of-care procedure). Parents or legal guardians of pediatric participants provided written consent. If the child was deemed intellectually capable of understanding the study (that is, those aged 7 years or older), then written assent was also obtained from the child participant.
Inclusion criteria for all participants consisted of a clinically indicated reason for CSF collection, English-speaking, any ethnicity, any gender, and between 6 months and 99 years of age. Children with ASD were required to meet diagnostic criteria for ASD [The Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (Text Revision) (DSM-IV-TR) or The Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5)] (1, 53), on the basis of clinical evaluation, and be free of other severe or comorbid mental disorders (for example, schizophrenia and bipolar disorder). Medical control children were required to be diagnosed with a medical problem other than ASD. Exclusion criteria for all children included declining to participate in the study or having parents who declined to participate in the study. Children with ASD (all of whom were male) were matched with control children 1:1 on the basis of gender and within a 1-year band on age. CSF sample collection and processing procedures CSF was obtained using standard sterile procedures by clinical staff after administration of either local or general anesthetic. CSF was collected from the lumbar region by introduction of a 23-gauge spinal needle into the subarachnoid space at the L3-4 or L4-5 interspace below the conus medullaris. After collection of the clinical CSF samples, CSF samples for research were immediately aliquoted into siliconized polypropylene tubes and flash-frozen on dry ice. All samples were stored at −80°C until quantification. CSF neuropeptide quantification CSF AVP concentrations were quantified at Stanford University using the same commercially available enzyme immunoassay kits as used in the rhesus monkey experiments. [AVP is a highly conserved nonapeptide and is structurally identical in rhesus monkeys and humans (54) .] Sample preparation and AVP quantification were performed following established procedures. As with the monkeys, the human CSF samples were directly assayed (without previous extraction) and run in duplicate as per the manufacturer's technical guidelines.
Statistical analyses
Clinical data were managed using REDCap (55) and analyzed using JMP Pro 13 (SAS Institute Inc.). All n = 14 participants yielded biological data suitable for analysis. Patient data were analyzed using a parallel approach to that used in the monkey studies. First, we used logistic regression to test whether CSF AVP concentration could differentiate ASD cases and medical controls. Our first statistical model included CSF AVP concentration as a predictor, as well as standard control variables used in past clinical studies (that is, age, sample collection time, and ethnicity). There was no need to control for assay run because all patients' samples were run on a single plate. The initial model showed quasi-complete separation (that is, particular combinations of predictors uniquely identified individuals, thereby bearing a high risk for false positives). We thus chose to remove ethnicity from the model because this factor was not significant (and we had no reason to a priori hypothesize that ethnicity would influence CSF AVP concentrations). We did retain age and sample collection time as factors in the model to control for potential developmental changes or circadian variation in CSF AVP concentration. Next, as done for the monkey cohorts, we tested whether patient group (ASD versus medical control) predicted CSF AVP concentration using a general linear model, with the same control factors used in the stable logistic regression model. Significance for all statistical tests was determined to be P < 0.05. The assumptions of general linear models (normality of error and linearity and homogeneity of variance) were confirmed post hoc for all analyses.
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